Strain profile retrieval methods
The diffraction amplitude from a thin film with the contribution from the substrate is calculated using a kinetic diffraction model,
Here is the layer-by-layer BFO phase shift of the unit cells, FBFO and FSTO are the structure factors, n=1,…, N and is the layer index and N is the number of epitaxial layers, and a is the fitting parameter for the relative intensity of the substrate and the film, respectively.
The fitting of the strain profile takes our knowledge of the film thickness and is accomplished by a spline algorithm 1 using 4 evenly distributed fitting points for adjusting the phase while using a spline interpolation to obtain the phase at each unit cell layer. Fitting with more points does not change the fitting qualitatively and only reduce the fitting error modestly by less than 10%. The fitting algorithm tries to minimize the following error while changing the phase:
where |Amea(q)|=|I (q)| 1/2 is the measured diffraction amplitude along the truncation rod.
The measurement was repeated at different delays for samples with different laser fluences and film thicknesses. A complete set of data is depicted in Figs. S1-S3. The fitting matches the position and the relative amplitude of the fringes well except for the 20 nm film at time zero, which needs further study to determine the cause.
Figure S1
A complete data set of the mapping of the strain as a function of delay for a 35 nm film (88 monolayers) at 3.3 mJ/cm 2 . Left column: measured (red lines) and fitted (blue lines) diffraction amplitude |A| at different delays between the laser and the X-ray. Left column: corresponding fitted strain at different delays as a function of the film layer index n. (1) (red) and average strain change ∆ε(t) (blue). (1) (red) and average strain change ∆ε(t) (blue). The rhombohedral lattice parameters were then converted to pseudo-cubic. The out-ofplane strain was calculated according to Hooke's law, taking into account the coupling of epitaxial in-plane stress due to the cold substrate:
where ν = 0.34 is the Poisson ratio 10 , and ε and are the out-of-plane and in-plane strain, respectively. 
The resulting γ using our experimental data is shown in Table S1 . 
Disproving the charge separation by polarization field model
Bulk charge separation due to internal polarization or external field leads to strong distortion of the field in a pump probe experiment though it may have no effect in a CW experiment. We simulated the situation with a one dimensional particle-in-cell dynamic model for the 35 nm film where the motion of the carriers (Fig. S4(a) ) and the field (Fig. S4(b) ) are solved self-consistently. Equal number of holes and electrons are generated filling the space with a profiled probability p(z)=exp(-z/Z), where Z = 32 nm is the absorption length at 400 nm. To illustrate the physics, we apply a constant field E0 = 1 MV/cm that generates a peak strain of 0.5% at a nominal piezoelectric constant d33 = 50 pm/V. We use nominal mobility for the electrons and holes of 7×10 -5 and 5×10 -5 m 2 V -1 s -1 , respectively, for illustrative purpose. The result is not sensitive to the choice of these numbers other than the time scale. A dielectric constant of 50 is used 11 . The carriers are absorbed when they reach the boundaries. We also consider only the cases where carriers are immediately separated at birth.
For carrier density higher than 3×10 18 cm -3 (corresponding roughly to an absorption fluence of 0.01 mJ/cm 2 ), 100% modulation of the field can be achieved, indicating the saturation of the applied field. For lower carrier densities, the maximum modulation is proportional to the carrier density. Fig. S3 shows a case with carrier density of 1.5×10 18 cm -3 (absorption fluence of 0.005 mJ/cm 2 ) As can be seen in Figure S3 (b), the charge separation induces a ±50% modulation of the field inside the film. When mapped into the piezoelectric response of the unit cells, the modulation will lead to a strain profile completely different from that arises from a uniform field expected from the exciton scenario where carriers only separate at the surface and the interface. The low carrier density needed for such modulation also demonstrates the sensitivity of the strain profile to such a bulk space charge effect. Simulation using strain profile following the field profiles with comparable strain range as measured from the experiment generates significantly asymmetric fringes around the central diffraction peak, which is not observed in the experimental data (Fig. S5) , disproving the commonly accepted carrier separation by polarization field model. 
